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Motivation e

g"} F 'H-ris
Fundamentals of g F
. e T =7
spin-electronics & iﬁg% —
iy = T

e -charge + e--spin = $ + funl | ...

& Full Range Leadership

...some spin-electronic applications:

* non-volatile memory (MRAM)

* read-heads for HD

* sensors

(2]
I
T MTJ Al T
T =
] Vour
= R o _— M1 !
1 i Tz i ¥
. Output: Input A = -l 0 0
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normalized asymmetry
k6 5 6 5 o o
2o ® & 8 N S
8
@
ERES —ﬁw:f
F

Outline
* Basics of Magnetic Tunnel Junctions (MTJs)
* Brief history of Tunnel Magnetoresistance (the past and the future)
» Preparation and characterization techniques

» Some basic properties of the Heusler alloy Co,MnSi
* Results:
* bulk properties of Co,MnSi and other Heusler thin films
* chemical and magnetic properties at Co,MnSi / Al-O interface
» characteristic transport properties of Co,MnSi based MTJs
compared with Co-Fe/Ni-Fe and Co-Fe-B based junctions
- interpretation of transport properties on the base of
XMCD/XAS investigations

- Conclusions
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Magnetic tunnel junction (MTJ)
... a basic device for spin-electronics...

...the MTJ stack:
I ...fundamental physics:

QM tunnel effect

.q—
- ferromagnetic metal (spin-polarized)

insulator

— IAAN
' -

i [P. R. LeClair, PhD-Thesis, 2002]
...tunnel magnetoresistance: ...free particles can cross
TMR = (RAP-RP) / RP a potential barrier with

finite probability!
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...brief history of TMR in ,conventional® MTJs:

14+
|2
- | () -h _'."'-
_Ezi_. sl _E: "= 1975:
s or £ M. Julliere
g % | Fe/Ge/Co: 147 @ 4 2K
|:|_ P IR R R NP R
K 6 4 2 0 2 4 6 8
FimVolts) \

2R

FMIpFM2
1 o Peff Peff

zZ'-7¢
eff ZT _I_Zi« '|'|me
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...brief history of TMR in ,conventional® MTJs:

1975:
_ \ 14% @ 4.2K
A Y TMR = 2PP,/(1-P,P,)

¥

XA A
4

|
Ln

- |
_ S - 1995:
"’ ﬁ % J. Moodera

Co/Al-O/Co: 12% @ RT

-

chanee mn resistance (%)

40 20 020 40
w A (mly
Yooext

time
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...brief history of TMR in ,conventional® MTJs:

A
4 \

\

S 4
4
[ #
of &

%u‘
;;w‘

change in resistance (%
=) o 1) Bl
i
[ © o
o8
. hnu e0t
‘.ru

100K
50 LI L ] ] LI B B | ! T 1 1 1T l LI
40 (a) As-deposited
S=8x8um’ Vio = 1.00 mV
_ aol Rs=20470um’  T=300K
” TMR = 22.5% t=40s
o
o 20
=
101
0
L L L 1 I
50 .
(b) After annealed
401 p 4011 Qum?
= TMR = 49.7 %
® 30|
o
S 20
101
0 .............
L L L L J L L 1 1 L L L
-1000 -500 0 500 1000

1975:
_ \ 14% @ 4.2K
! TMR = 2P,P,/(1-P,P,)

2000:

X.-F. Han et al.
Co-Fe/Al-O/Co-Fe:
50% @ RT

time
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...brief history of TMR in ,conventional® MTJs:

1975:
_ \ 14% @ 4.2K
A Y TMR = 2PP,/(1-PP,)

\ 1995:
12% @ RT

SoF :: P==720:;41\/:/:2 U m? Jan. 2004:
: Aven = 5050 1 m D. Wang et al.
= Wf Hpin > 200 Oc Co-Fe-B/Al-O/Co-Fe-B:
70% @ RT

-10 —

-200 -150 -100 -50 0 50 100 150 200
Field ( Oe)

time
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...brief history of TMR in ,conventional® MTJs:

1975:
N\ e
LN TMR = 2PP/(1-PPy)

, NN 199

250 |- B 250

- 200
200 —

4’[ L __7____;-#—'”"-;’) /
¢ AP % o B /
g § o i 150 |- ; 7
150 — I.T' A i | S o
/ ] | - m———m o

g =
2 g ®
G = =
[==
= J | P | N = g
B 5 : 0.30 nm 7 100 b . 3
100 [~ f’ P _ I , y
’ﬂ ; <o T=20K 1 uul-:'m-jl ) 5
,I | o T=293K i 50 - -@
so- & - i _ -
F B— e
o oo 0 | L | | | | 0
0 | | | | 250 275 300 325 350
1.0 15 2.0 2.5 3.0 Anneal temperature ( °C)
fyggo (Nm)

~
Dec. 2004: Dec. 2004:
S. Yuasa S. Parkin
Fe/MgO/Fe: Co-Fe/Mg0O/Co-Fe: \

180% @ RT 220% @ RT )
time
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...brief history of TMR in ,conventional® MTJs:

1975:
_ \ 14% @ 4.2K
TMR = 2P,P,/(1-P,P,)

- .E.;__.::,- \ \ 1995:
12% @ RT

$ \ 200N
i Table I
Aug. 2006:
Reference Free I,* T\;IR RA s . Ikedaa et al .
layer yer (0" @) Co-Fe-B/MgO/Co-Fe-B:

CosFesBy  CowFesBa 400 355 547 450% @ RT
CO40F€'40B20 C.‘Oﬁgl:e:;o 400 277 1060 P=O 83
CO40F€4{]BQ{) COggFelg 350 131 714 :
CO::_{)FE::_{] CO40F€40B20 325 50 1042
C‘O:’._gl:eig C.‘Oﬁgl:e:;o 270 12 740
COggFelg CO_mFE_mBm 300 75 475
COggFelg COggFelg 270 53 571

(pseudo-spin valve with 1.7 nm thick Me@gbarrier)
CowFesBsy  CoswFeyBy 450 [ 450 Y 3700

time

J. Schmalhorst, ALS User Meeting, October 10, 2006



...brief history of TMR in ,conventional® MTJs:

1975:
14% @ 4.2K

\ TMR = 2P,P,/(1-P,P,)

2 e
= 10 fﬁ
z §
2
E
= 0-:!!\ =20 [} 20 40
uH
o ext

Ty

1995:
12% @ RT

incoherent
tunneling

2000:
50% @ RT

Dec. 2004:
220% @ RT

000 80 [l 0

= T
L ~
B sesasem’ b ’
Ay 27 fpem’  To 300K
= Pl [
g ®
g
i
: 2004
: .
@ ] Jan. .
21 At
S Ry = 40
ThAR - 407 % i

1000

Giant TMR has been
predicted for
Fe/MgO/Fe(001) by
Butler et al. and
Mathon et al.
in 2001.

70% @ RT

. ) — TMR
elerence o a ratio e X
Dec . 2004 . layer layer (°C) P {Cpmr’)
- C « 400 355 547
400 27 060

180% @ RT

coherent
tunneling (?)

Aug. 2006:
450% @ RT
P=0.83
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..not only coherent tunneling can increase the TMR:

Take Julliere's formula serious: TMR = 2P,P,/(1-P,P,)
= TMR = « for P,;= P, = 1.0 (half-metallic FM!)

Some materials predicted to be half-metallic:

- CrO,

- Fe;0,

- manganites like La,,3Sr;,5 MnO;, La,,5Ca;,sMn0Os;, ....
- Heusler alloys like Co,MnSi, Co,FeSi,...

Recent results on Heusler alloy based MTJs (low T, small V):

=l - C0,MnSi(110) tex./ A|-O/Co-Fe: Py ppsi = 0.66 [2]

[1] Oogane et al., J. Phys. D: Appl. Phys. 39 (2006) 834
[2] J. Schmalhorst et al., Appl. Phys. Lett. 86 (2005) 152102
[3] D. Ebke et al., Appl. Phys. Lett, accepted (2006)
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...The work presented today is published in:

[A]J. Schmalhorst, S. Kimmerer, M. Sacher, 6. Reiss, A. Hiitten, A. Scholl:
"Interface structure and magnetism of magnetic tunnel junctions with Co,MnSi
electrode”, Phys. Rev. B 70 (2004) 024426

[B]J. Schmalhorst, M. D. Sacher, O. Schebaum, A. Thomas, G. Reiss, A. Hiitten, E.
Arenholz: "Transport properties of magnetic tunnel junctions with Co,MnSi
electrode: influence of temperature-dependent interface magnetization and
electronic band structure”, Phys. Rev. B, submitted

[C]J. Schmalhorst, M. D. Sacher, V. Hoink, 6. Reiss, A. Hiitten, D. Engel, A.
Ehresmann: ,Magnetic tunnel junctions with Co,MnSi electrode: magnetic and chemical
properties of the bulk and of the electrode / barrier interface”,

J. Appl. Phys., accepted

[D]D. Ebke, J. Schmalhorst, N.-N. Liu, A. Thomas, G. Reiss, A. Hitten: "Large tunnel
magnetoresistance in funnel junctions with Co2MnSi / Co2FeSi multilayer electrode”,
Appl. Phys. Lett., accepted
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Why is the implementation of Heusler alloys in
MTJs so challenging?

MTJ: sputtered Heusler alloy:
very sensitive to barrier- * half-metallicity usually very
electrode interface sensitive to atomic disorder
thermal stability limited to * thermal treatment at high T
typically 350°C required to promote atomic

order

(e.g. =450°C for Co,MnSi)
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..typical layer stack of our Heusler based MTJs:

We need to know the transport properties of
“full" junctions...

magnetoresistance:
R=R(V, T, H,)

current-voltage-characteristic:
dj/dV =dj/dv (V,T H,,)

...and their structural and magnetic properties:

AGM, XRD, Auger depth profiling, XMCD/XAS

Vv

Substrate
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Why do we apply XAS and XMCD to “half” junctions?

—> element specific chemical and magnetic properties
of Heusler / barrier interface and Heusler bulk...

XAS / XMCD (TEY)

XAS / XMCD (FY)

buffer
Substrate

|BL 402
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How do we fabricate our MTJs?

B

“

Sputter Chamber |

i e
| \L i

1) magnetron sputter
deposition at <107 mbar
(polycrystalline films)

2) in-situ and/or ex-situ
o el .}f‘v_, S h'.
annealing &= ¢
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Theory [pra 65 (2002) 184431,

I. Galanakis, private communication]s

DOS (states/eV)

FIG. 2.
pounds, whe

finite v

1 |
A © B A O &

Calcu
re 7 stands fo

..some properties of the Heusler alloy Co,MnSi:

..Similar properhes are found for Co,FeSil

wﬂn;w W/

Co,Mnsw \N/

A

JUNCL

=
Co;f’:;w\’\[

Co,f.an;W

-6 -3 0

3 -6

-3 0 3

Energy (eV)

lated spin-projected DOS for the Co,MnZ com-
r Al, Ga, Si, and
rery small spin-down DOS around the Fermi level.

Ge. They all possess a

DOSM very small
= high P+ expected!

Co Mn Si

mSPin[1sp]

1.021 2971 -0.074

mord (1]

0.029 0.017 0.001

EXpe/"/meﬂf [J. Phys.: Con. Mat. 12 (2000) 1827]: M = 4.96,/f.u., T, = 985K
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..some bulk properties of our Co,MnSi and Co,FeSi

single layers and {Co,MnSi/Co,FeSi} multi layers:

A) (110) -textured on V(110)-buffer

o V™ICo, FeSi*™/AI-0, 400°C
i 4_ ’é‘ (Cu-Ka, 3° offset)_-
8 | S
=<, D
2 3 R £, -~ - similar results found for Co,MnSi single
c 21 2|° 3 layers and {Co,MnSi/Co,FeSi} MLs
E 1_- > g o @

_ J} = 8 o
|
40 60 80 100 120

26 []

B) optimal annealed films have small
coercivity at RT: H, = 10-200e
- used as "free" electrode
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..some bulk properties of our Co,MnSi and Co,FeSi
single layers and {Co,MnSi/Co,FeSi} multi layers:

C) annealing important to induce atomic
order and increase magnetization

1000+

Jo DUk o . As prepared Co,MnSi films
T 209 o ' are superparamagnetic
i . g9 * ImsitudAYe - Langevin function:
Co,MnSi @RT: 2400_ ® ex-situ 500°C | | ange unction:.
= 500, as prep - 65 00 05 p# = 300
0 20 40 60 80

layer thickness [nm]

1500 T T T T T T T T T T
Co FeSi bulk

(Co,MnSi bulk + Co,FeSi bulk) / 2

|_\
N
o
o
1 1 1
>b-
1

%001 7& N
A/ I\ -
300.. ¢ —e—Co,MnSi/ Co FeSi multilayer -
—4— Co,FeSi layer
100 260 300 400 500  60C
Annealing Temperature [°C]

100nm thick Co,FeSi and
{COZMnSi/C02FeSi} @RT.

(o2}
o
<

Magnetization [KA/m]

o

o
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Chemical states at Co,MnSi-AIO, interface
compared to Co,MnSi bulk (100nm):

Co,MnSi bulk: XAS at Co- and Mn-L; ,-edge: 2p — 3d (4s)

T 1 1.69 N

‘w 1.6 Mn - : Co

E . 1 1.4‘ .

> 1'4‘_ 1 1.2] as prepared ]
o] ]
5, 1.2-_ as prepared 1 10]

X 0.8 ‘ ‘ 450°C 1 . o~

>I- O 6 -) nAan (in-SitU) ] 06- "A" ?I-?E)SEEJ) ]

w By TA T 0.4-j _

645 660 675 690 780 800 820 840

photon energy [eV] photon energy [eV]

* EXAFS oscillations indicate atomic ordering
+ "A": peaks in 3d-density of states 4eV above E: (rep. by SPRKKR)
- annealing changes bandstructure and improves atomic order!
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Co,MnSi bulk: = z:

Co at Co,MnSi / Al-O interface:

XMCD

AS-
=
b

I(L3)

Chemical states at Co,MnSi-AIO, interface
compared to Co,MnSi bulk (100nm):

£

";150°C in-situ":ICo @ 15K |

780 800 820 840
Photon energy [eV]

- similar to bulk properties

Mn at Co,MnSi / Al-O interface:

A2

"450°C in-situ": Mn @ 15K |

635 640 645 650 655 660 665 670
Photon energy [eV]

- interfacial MnO masks finger-
prints of ordering process
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Magnetic moments at Co,MnSi-AIlO, interface
compared to Co,MnSi bulk (100nm):

Co,MnSi bulk: ~ 7:

" b he== > Sum rules analysistll of TEY (,450°C in-situ):
"o Jos - = msPn(Mn)/msPin(Co) = 1.591,/1.150,

= 1.38 < 2.9 (theoryl?])
interfacial MnO reduces Mn moment

- Estimation of bulk moment ratio (FY + TEY):

Eiz "450°C in-situ": Co @ 15K mspln(Mn)/mspln(Co) ~ 3

2 |\ - Temperature dependence of interfacial
ézi\[-l magnhetic moments:

T E sample m(LT) / m(300K)

Co,MnSi / AlI-O | Co: 140 LT-

Mn at Co,MnSi / Al-O interface: .as prepared" Mn: 13.5 15K

1.8

El:G: 2 s in-siu Mn@lSK: ConnSi / Al-O Co: 1.06 > Am/m

.450°C in-situ" Mn: 1.11
3x

# ~ | Co-Fe-B/AI-O Co: 102 |
s o ] arger!
2 A 275°C" Fei103 1419

Photon energy [eV] [1] Chen et al., PRL 75 (1995) 152, jj-mixing neglected
[2] Galanakis et al., PRB 66 (2002) 174429
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Chemical and magnetic properties of Si at
Co,MnSi-AlO, interface:

14

= "450°C in-situ" Si @ 15K
"as prepared”: Si @ RT

[arb. units]

XMCD x 10°

) s
1835 1840 1845 1850 1855
Photon energy [eV]

o "450°C in-situ": Si @ 15K
"as prepared": Si @ RT
calculated by SPRKKR-code

XAS at Si-K edge:
1s > 2p

XAS-TEY [arb. units]

1840 1850 1860 1870 1880 1890 1900
Photon energy [eV]

+ "Si-1" interfacial SiO, in addition to interfacial MnO

* EXAFS oscillations indicate atomic ordering
- "Si-2": peak in 2p-density of states 6eV above Er (rep. by SPRKKR)

- similar fingerprints of ordering as for Co and Mnl!
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...further hints to annealing induced changes of the
electronic bandstructure at Co,MnSi-AIlO, interface:

occupied states:
unoccupied (d-)states:

500 T
i /
"""""" J 3 “‘f
0.04 3 400 ] Au covered "as prepared” (x0.71)
a -02] @ |— Aucovered "450°C in-situ” (x0.69)
o ] £ /
= .0.4 3 ¢
= 0.4 EBOO- w Jj
£ -0.6 "as prepared" A L, ]
= 08 Co @ 15K \x75 e '?200- e
-1.04 ' . %J |
4-3-2-1012 3456 7 8 = 100-
photon energy [eV] ] "450°C in-situ”
(relative to L, maximum) oL

-1 o 1 2 3
binding energy [eV]

mono-XPS (hv=1486.7eV, emission angle= 20° )

- important for interpretation of TMR vs V dependence...
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Characteristic transport properties
of Co,MnSi alloy based MTJs...

100 :
"450°C in-situ” 1.0- y -
80, 16K @) \ "CoFeB" |
g 60- x 0.8 : CoFe/NiFe" |
=
S 40] =
= = 0.64
20 "as prepared" ] I}
S 3 0.4
0 : ~ '
-2 0 g ¢ .
Field [kOe] 2 0.2 e
T — T T T 0.0. n n
20 NN 00 e el 35 Prepared
S, 40, g° V -500 -250 0 250 500
2 39 & a1 Bias voltage [mV]
s 20 2 50 voltage [ _ : _ _ _
o 18: RT 1.04 *@wq&gf\m\mm —o—"CoFeB" ]
45 10 05 00 05 10 15 T 0581 Q;‘“QCQ:Q—M; S~ &N'Fe"-
bias voltage [V] = S ece S ]
- 0.6 Iatee tosouly 8
[} \z@‘IQUM _
50 of T '% 0.4 T,
404 g 20{ +10mv e (b) "450°C in-situ" 1
2 E 0.2 "as prepared” ]
1 = 0.04— . 20 00 o00B0 00
2 o) g a0 | 50 100 150 200 250 300
g temperature [K]
~ 10,
04 ej -1300mV d . h “ . lu C B d
e v R . ...compared with "conventional” CoFeB an
magnetic field [Oe]

15 -1.0 05 00 05 10 15

bias voltage [V]

NiFe/CoFe based MTJs with Al-O barrier...
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Characteristic transport properties
of Co,MnSi alloy based MTJs...

- .as prepared" and ,450°C in-situ"have similar
tunnel characteristic (similar barrier shape!)

.as prepared":

- superparamagnetic switching behavior
- strongest temperature dependence

- strongest bias voltage dependence

- TMR always positive

-15 -10 -05 00 05 10 15
bias voltage [V]

TELT ,450°C in-situ":
e — > TMR(T) convex, stronger than for
N .conventional" MTJs (CoFeB, NiFe/CoFe)
PN > TMR(V) stronger than for .convent. * MTJs
N I =~ | - negative TMR for large negative bias voltage
¢ o - similar results are found for Co,MnSi single
w layer and {Co,MnSi/Co,FeSi} ML based MTJs!

0 50 100 150 200 250 300
temperature [K]
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Interpreting the transport properties of
MTJs with ordered Co,MnSi electrode on
the base of XAS/XMCD investigations...

calculated by SPRKKR-code

6,(1/6,0)
Enwsaa
588538

TMR inversion reflects the band
structure of well ordered Heusler
alloy

Current limitation of effective spin-polarization

(66% @ 20K/1mV):

- interfacial MnO/SiO, hinders perfect atomic
order of Heusler

- spin scattering on paramagnetic Mn?* ions and
unpolarized conductance via defect states in
the barrier (quasi-elastic processes!)

Magnon assisted tunneling!!l is suggested to be
considerably stronger in "450°C in-situ" than in

NiFe/Al-O/CoFe and CoFeB/Al-O/CoFeB MTJs.

[1] Han et al., PRB 63 (2001) 224404
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Intensity [cts/s]
Bon @ s
3 8 38

1000
— 8001 ®

buk o

< 600 ® in-situ 450°C
2. 400 ® ex-situ 500°C

® aspre
=50 prep
°

0 r Y
0 20 40 60 80 100

layer thickness [nm]

= [ A AL
3 S AR
5 - (cama || copnerf

£ 2P
ey

2.

> 02
T Pa ’\
£ o
£
> 02
<
o 04
_g 06 100nm Co,MnSi:
‘©
£ ° RT
g 08 — —15K
< 10
620 630 640 650 660 670 690
P energy [eV] S
00 W o z
S z
& % :
o @ & M
L
L ) @ s
nuctur

Conclusions

Implementation of Co,MnSi and Co,FeSi single
layer and {Co,MnSi / Co,FeSi} multi layer
electrodes in Al-O based MTJs is possiblel

High spin-polarization of up t0 0.74 in MTJs
achieved, i.e., larger than for conventional 3d-
metal alloy / AlO, -interfaces!

Temperature dependent X-ray absorption
spectroscopy and magnetic circular dichroism
is very useful to understand the transport
properties of complex MTJ systems!

Thank you for your attention!

---------
ttttt
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